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9747 AG Groningen, The Netherlands
ReceiVed April 17, 2007. In Final Form: July 11, 2007
The reversible manipulation of the helix screw sense in surface-grafted poly(â-phenethyl-L-aspartate) (PPELA)
films by means of external stimuli was investigated. Ringopening polymerization of â-phenethyl-L-aspartate
N-carboxyanhydride initiated from primary amino-functionalized silicon and quartz substrates results in surface-
grafted PPELA films in which the end-grafted polypeptide chains have a right-handed R-helical conformation. Upon
annealing of the film at 150 °C for 30 min, a helix screw sense inversion takes place and the grafted chains adopt
a left-handed ð-helical conformation. In the solid state, this left-handed ð-helical form is completely stable and cannot
be changed by reheating and/or cooling. Upon immersion of the annealed grafted film in chloroform or other helicogenic
solvents, the grafted polypeptide chains completely revert to their original right-handed R-helical form. Successive
annealing and solvent treatment steps show that this helix sense inversion cycle can be repeated many times.
Introduction
Polyaspartates based on the â-esters of L-aspartic acid (see
Figure 1) form a unique class of helical polypeptides because
their helix screw sense (i.e., the right- or left-handedness) depends
on the structure of the ester side chain as well as external factors
such as temperature and solvent.1-6 For example, poly(â-methyl-
L-aspartate) and poly(â-benzyl-L-aspartate) have a left-handed
(LH) R-helical conformation in chloroform at 30 °C and in the
solid state, whereas poly(â-ethyl-L-aspartate) and poly(â-phen-
ethyl-L-aspartate) adopt a right-handed (RH) R-helix under the
same conditions.
In addition to the varying helix sense, some polyaspartates
also exhibit a thermally induced R-ö7-9 or R-ð10 transition.
In this case, the R-helices (with 3.6 monomer residues per helical
turn) are converted to so-called ö-helices (with 4 residues per
turn) or ð-helices (with 4.4 residues per turn). This conformational
variation is caused by the fact that the peptide bonds in
polyaspartates cannot form perfectly stable hydrogen bonds along
the main chain due to competitive hydrogen bonding between
NH groups in the polymer backbone and CdO groups in the
ester side chain.11-16 So, the intramolecular hydrogen-bonding
pattern that leads to the formation of an R-helix is disturbed,
resulting in a less stable conformation.
In certain polyaspartates and copolyaspartate systems, the helix
sense in solution and in the solid state varies with the temperature.
For example, poly(â-n-propyl-L-aspartate), dissolved in chlo-
roform, exhibits an inversion from a RH to a LH R-helix when
the temperature of the solution is raised from 30 to 60 °C. After
subsequent cooling to 30 °C, the polymer returns to the RH state
again.4 Polyaspartates based on p-chlorobenzyl and p-methyl-
benzyl esters7,17-19 show a similar thermally induced helix
inversion, although the transition appears to be irreversible in
solid films. Copolymers of â-benzyl-L-aspartate and â-alkyl-
L-aspartate (with R g C2)4,8,9,12,13,15,20-22 show a LH to RH
transition both in solution and in the solid state as the degree of
alkylation increases. In the case of an intermediate degree of
alkylation, the reversal in helix sense is also observed when the
temperature is increased.14
Solvent-induced helix inversion in polyaspartates was first
demonstrated by Hashimoto.23 In chloroform, a 50/50 copolymer
of â-benzyl-L-aspartate and â-p-methylbenzyl-L-aspartate adopts
a LH helix, whereas in N,N-dimethylformamide (DMF) it takes
the RH helical form, the transition occurring at 90% chloroform/
10% DMF.
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Figure 1. (A) L-Aspartic acid; (B) L-aspartic acid â-ester; (C) poly-
(L-aspartate).
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Photoresponsive polyaspartates24-28 have been reported as well.
In these systems, the helix sense inversion is triggered by
photoisomerization of azobenzene moieties in the polymer.
In terms of structure, the previously mentioned poly(â-
phenethyl-L-aspartate) (PPELA) is very similar to poly(ç-benzyl-
L-glutamate) (PBLG), as shown in Figure 2.
PBLG forms a stable RH R-helix in the solid state and in a
variety of organic solvents.29 PPELA, however, shows interesting
temperature- and solvent-induced helix sense inversion behavior,
both in solution and in the solid state.30,31 In the solid state as
well as in helicogenic solvents such as chloroform, 1,2-
dichloroethane, and 1,1,2,2-tetrachloroethane, PPELA adopts a
RH R-helical structure at room temperature. Upon heating to
85-100 °C, the polymer forms a LH R-helix in 1,1,2,2-
tetrachloroethane,32 both in the isotropic solution and in the
lyotropic liquid crystalline state.33 The addition of small amounts
(1-2%) of dichloroacetic acid (DCA) to a chloroform solution
of PPELA also induces helix inversion due to disruption of the
intramolecular hydrogen bonds by DCA.5 In the case of solid
PPELA films prepared by solution casting, heating to 130-
150 °C results in an irreversible helix sense inversion, ac-
companied by an R-ð transition.10
The aim of this study is to investigate the possibility of
reversibly manipulating the helix screw sense in surface-grafted
PPELA films by means of external stimuli. In theory, such
functional polymer films could be used for the construction of
organic switches and (reversible) data storage systems.34-38 So,
silicon- and quartz-grafted PPELA films were prepared (see
Scheme 1), and the influence of temperature and solvent on the
helix sense of the end-grafted polyaspartate chains was studied.
Experimental Section
Materials and Procedures. L-Aspartic acid (Janssen Chimica,
98+%), phenethyl alcohol (Aldrich, 99%), 3-aminopropyltriethoxy-
silane (APS; Acros, 99%), triphosgene (Acros, 99%), and chloroform
(Acros, extra dry, water <50 ppm) were all used as received.
Acetonitrile was distilled from CaH2, tetrahydrofuran (THF) was
freshly distilled from sodium/benzophenone, and n-hexane was
freshly distilled from P2O5. Water used for substrate cleaning was
purified by means of a reverse-osmosis system (Elgastat Spectrum
SC 30) and by subsequent filtration through a Milli-Q purification
system. All other solvents and reactants were reagent grade and
used without further purification. Glassware used for substrate
silanization, NCA synthesis, and surface-grafting polymerization
was flame dried before use. All reactions were performed under an
atmosphere of dry nitrogen.
Measurements. 1H NMR spectra were recorded on a Varian
VXR-300 (300 MHz) spectrometer. The residual 1H atoms in the
deuterated solvent were used as the internal standard. Single reflection
ATR spectra were recorded on a Bruker IFS 88 spectrometer equipped
with an MCT-A detector using a Golden Gate Single Reflection
Diamond ATR accessory (Graseby Specac). Each spectrum is an
average of 50 scans measured at a resolution of 4 cm-1. FT-IR
transmission spectra of surface-grafted polypeptide films on silicon
substrates were measured on a Bruker IFS 66V/S spectrometer
equipped with a DTGS detector. Each spectrum is an average of
5000 scans measured at a resolution of 4 cm-1. A clean silicon
substrate was used as a reference, and all polymer films were measured
at three different positions. The polyaspartate and polyglutamate
peak areas were calculated using the peak integration function of
the OPUS 4.0 system software (Bruker). Curve-fitting of the amide
A, CdO ester, amide I, and amide II peaks was carried out as described
by Wieringa et al.39 For PPELA, the amide A, CdO ester, amide
I, and amide II peaks were integrated from 3430-3200, 1780-
1705, 1705-1590, and 1580-1507 cm-1, respectively. For PBLG,
the amide A, CdO ester, amide I, and amide II peaks were integrated
from 3430-3200, 1780-1695, 1695-1600, and 1590-1520 cm-1,
respectively. UV-vis absorption spectra of surface-grafted polypep-
tide films on quartz substrates were recorded on a Pye Unicam
SP8-200 UV-vis spectrophotometer. A clean quartz substrate was
used as a reference. Circular dichroism (CD) spectra of surface-
grafted polyaspartate films on quartz substrates were measured on
a Jasco J-715 spectropolarimeter. Each spectrum is an average of
10 scans and smoothed using a 5 point FFT filter. A clean quartz
substrate was used as a reference. Ellipsometric measurements were
performed on a Nanofilm EP3 ellipsometer (ì ) 532 nm) at an angle
of incidence of 72.0°. Calculations were carried out using a three-
layer model, consisting of a native SiO2 layer (d ) 28 Å, n )
1.462),40,41 an APS initiator layer (d ) 10 Å, n ) 1.428),40 and a
polypeptide layer (n ) 1.55).40 The measurements were carried out
at six different spots on the sample.
Synthesis of â-Phenethyl-L-aspartate (PELA, 1). L-Aspartic
acid (20.0 g, 150 mmol) was dissolved in a mixture of phenethyl
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Figure 2. Helical polypeptides with isomeric monomer units: (A)
poly(ç-benzyl-L-glutamate) and (B) poly(â-phenethyl-L-aspartate).
Scheme 1. Synthesis of â-Phenethyl-L-aspartate and Its
Corresponding NCA and Preparation of a Surface-Grafted
Poly(â-phenethyl-L-aspartate) Film
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alcohol (100 mL) and concentrated sulfuric acid (14 mL) at room
temperature. After complete dissolution (4 h), the reaction mixture
was stirred for an additional 20 h at room temperature. Next, absolute
ethanol (100 mL) and triethylamine (50 mL) were added, respectively.
The resulting white suspension was stored at 5 °C for 24 h to complete
the crystallization. The crude ester was collected by filtration, washed
with absolute ethanol, and recrystallized from water/isopropanol
1:4 (v/v). Yield: 12.7 g (36%) of a white solid. IR (ATR, cm-1):
2957 (CH2), 1733 (CdO ester), 1598 (COOH). Anal. Calcd for
C12H15NO4: C, 60.8; H, 6.37; N, 5.90. Found: C, 60.8; H, 6.40; N,
5.86.
Synthesis of â-Phenethyl-L-aspartate N-Carboxyanhydride
(PELA-NCA, 2). The following procedure is a combination of the
methods described by Daly et al.42 and Dorman et al.43 A suspension
of â-phenethyl-L-aspartate (10.0 g, 42.1 mmol) in dry THF (100
mL) was heated to 50 °C, and triphosgene (5.00 g, 16.8 mmol; 1/2.5
equiv) was added in one portion. After being stirred for 3 h with
continuous N2 flow to remove most of the hydrogen chloride side
product, the reaction mixture was filtered and poured into cold and
dry hexane (300 mL) to induce crystallization. The precipitate was
collected by filtration and dried under vacuum. To remove the
hydrogen chloride adduct, dry acetonitrile (50 mL) was added to the
crude NCA. The resulting white suspension was filtered, and the
clear filtrate was evaporated to dryness again. This procedure was
repeated until the solution remained clear. Finally, the NCA was
recrystallized at least four times from THF/hexane 1:3 (v/v) and
stored under dry nitrogen atmosphere at -18 °C. 1H NMR (300
MHz, CDCl3): ä ) 7.29-7.14 (m, 5H, Ar-H), 6.27 (s, 1H, NH),
4.47 (dd, 1H, R-CH), 4.33 (t, 2H, OCH2), 2.98-2.88 (m, 3H, â-CH2
+ Ar-CH2 partially overlapping), 2.76-2.67 (m, 1H, â-CH2). IR
(ATR, cm-1): 3243 (NH), 2944 (CH2), 1862 (CdO anhydride),
1750 (CdO anhydride), 1715 (CdO ester). Anal. Calcd for C13H13-
NO5: C, 59.30; H, 4.98; N, 5.32. Found: C, 59.41; H, 5.04; N, 5.36.
Substrate Cleaning and Silanization. The following procedure
for the cleaning and silanization of silicon substrates is based on the
methods described by Moon et al.44 and Heiney et al.45 Silicon wafers
(125 mm diameter, 900 ím thickness, both sides polished, 1-1-1
orientation, and phosphorus doped to 1000 ¿ cm resistivity) were
supplied by Topsil Semiconductor Materials A/S (Frederikssund,
Denmark) and cut into 25  40 mm substrates. Prior to use, the
substrates were sonicated in ethanol and dichloromethane, respec-
tively, followed by immersion in a hot H2SO4/H2O2 7:3 (v/v) mixture.
Caution: Mixing of concentrated sulfuric acid and hydrogen peroxide
is exothermic; “piranha” solution reacts Violently with organic
materials and should be handled carefully! After 1 h, the substrates
were extensively rinsed with Milli-Q water, sonicated in methanol,
methanol/toluene 1:1 (v/v), and toluene, respectively, and immersed
in a 2% (v/v) solution of 3-aminopropyltriethoxysilane in toluene
for 1.5 h at room temperature. Finally, the aminosilanized substrates
were thoroughly rinsed with toluene, baked at 120 °C for 30 min
(under vacuum), and stored under dry nitrogen atmosphere.
Surface-Grafting Polymerization. Surface-grafting polymeriza-
tions were performed in dry chloroform at 40 °C in specially designed
glassware. The 1.0 M monomer solutions were added to the
aminosilanized substrates using a syringe fitted with a filter (Sartorius
Minisart SRP15 0.45 ím). After a polymerization time of 24 h, the
substrates were thoroughly washed with warm chloroform to remove
non-grafted material. Finally, the samples were dried under vacuum
at room temperature and stored under nitrogen atmosphere.
Annealing of Surface-Grafted PPELA Films. A glass holder
containing a substrate with end-grafted poly(â-phenethyl-L-aspartate)
was evacuated and flushed with dry nitrogen several times. Next,
the holder was placed in an oil bath at 150 °C for 30 min. Afterward,
the sample was allowed to cool to room temperature under nitrogen
atmosphere.
Solvent Treatment of Annealed Surface-Grafted PPELA
Films. After the annealing procedure, the sample was immersed in
chloroform at room temperature for 10 min and dried under vacuum
at room temperature for 30 min.
Results and Discussion
Ester and Monomer Synthesis. â-Phenethyl-L-aspartate was
successfully synthesized by direct esterification of L-aspartic
acid with phenethyl alcohol using concentrated sulfuric acid as
a catalyst. Recrystallization of the crude ester from a water/
isopropanol 1:4 (v/v) mixture gave a very pure product in a fair
yield (36%). Overall, this procedure is more convenient and
straightforward than the method reported by Toriumi et al.5
â-Phenethyl-L-aspartate N-carboxyanhydride monomer (PELA-
NCA) was prepared by phosgenation of the corresponding â-ester
in THF using triphosgene. The course of the reaction is very
similar to the preparation of L-glutamate NCAs. Multiple
recrystallizations from THF/n-hexane 1:3 (v/v) resulted in very
pure PELA-NCA suitable for surface-grafting polymerization.
Surface-Grafting Polymerization. Surface-grafted poly(â-
phenethyl-L-aspartate) (PPELA) films were successfully prepared
by means of ring-opening polymerization of PELA-NCA initiated
from primary amine-functionalized silicon and quartz substrates.
In contrast to PBLG, PPELA is not very soluble in DMF so the
grafting polymerization was carried out in chloroform. During
the grafting polymerization, the solution became slightly clouded,
and after 24 h some polymer precipitation had occurred.
Unfortunately, precipitation during the grafting process limits
the layer thickness because the growing grafted chain ends are
blocked by the (precipitating) non-grafted polymer chains that
are formed as a side product. Also, the monomer mobility is
lowered, so the grafting polymerization is slowed down.
Ellipsometric measurements indicated a PPELA layer thickness
of 82 ( 4 Å per substrate side. Surface-grafting of PBLG under
similar reaction conditions generally yields much thicker layers.40
The use of better solvents or solvent combinations and elevated
reaction temperatures might help to increase the thickness of the
grafted PPELA layers. Figure 3 shows the transmission FT-IR
spectra of surface-grafted PPELA and PBLG films on silicon
substrates. The corresponding IR band positions and the CdO
ester and amide peak areas for both films are listed in Table 1.
The silicon-grafted PBLG film was prepared according to the
procedure described by Wieringa et al.40
As can be seen in Figure 3, the FT-IR spectra of both films
are quite similar. The subtle structural difference between PBLG
and PPELA is illustrated by the slight variation in the CdO ester
(42) Daly, W. H.; Poche´, D. Tetrahedron Lett. 1988, 29, 5859.
(43) Dorman, L. C.; Shiang, W. R.; Meyers, P. A. Synth. Commun. 1992, 22,
3257.
(44) Moon, J. H.; Shin, J. W.; Kim, S. Y.; Park, J. W. Langmuir 1996, 12,
4621.
(45) Heiney, P. A.; Gru¨neberg, K.; Fang, J.; Dulcey, C.; Shashidhar, R. Langmuir
2000, 16, 2651.
Figure 3. Transmission FT-IR spectra of silicon-grafted PPELA
(-) and PBLG (âââ) films. For a better comparison, the original
spectrum of PBLG was scaled down (3.507) to match the CdO
ester peak height in the PPELA spectrum.
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and amide band positions. Based on values reported in
literature10,32 (see Table 2), the positions of the CdO ester, amide
A, amide I, and amide II absorption bands of end-grafted PPELA
indicate the presence of right-handed R-helical material. The
band positions for the surface-grafted PBLG film are also typical
for a right-handed R-helical structure.47
In general, the ratio of the amide I to amide II peak area (D)
is an indication for the average helix tilt angle ı: the smaller
is D, the smaller is ı and the more perpendicular is the helix
orientation.39 The difference between PBLG (with D ) 3.92 and
ı ) 61°) and PPELA (with D ) 4.26 and ı ) 66°) suggests that
the helix orientation in the grafted PPELA film is slightly more
parallel to the substrate surface than in the PBLG film. However,
the mathematical model that is used to calculate ı is based on
R-helical polyglutamates, so the calculated tilt angle in the grafted
PPELA film is not completely accurate. Only experimental
determination of the transition dipole moment angles of PPELA
will give an accurate relation between D and ı for this particular
polymer. However, it seems likely that the actual tilt angle of
PPELA will be in the same order of magnitude as the estimated
value of 66°.
The molecular weight of the end-grafted PPELA chains can
be estimated from the layer thickness (82 Å per substrate side)
and the average helix tilt angle ı (66°). Based on a helical rise
per residue of 1.5 Å and a monomer molecular weight of 219.24
g/mol, an Mn of approximately 30 000 g/mol was calculated.
The UV-vis spectra of surface-grafted PBLG and PPELA
films on quartz substrates are shown in Figure 4. The quartz-
grafted PBLG film was synthesized by polymerization of the
appropriate NCA in DMF (0.5 M) at 40 °C. The R-helical structure
of both polymers is confirmed by the shoulder at approximately
210 nm.48 In the case of PBLG, there is a very small absorption
peak around 260 nm due to the ð-ð* transition of the aromatic
rings.49 In the case of PPELA, this effect is less pronounced,
most likely due to the fact that the PPELA layer is considerably
thinner than the PBLG film. Rotation of the samples did not
change the spectra.
Helix Sense Inversion upon Annealing. In the solid state,
non-grafted PPELA exhibits an irreversible helix sense inversion
upon heating to 140-150 °C. So, the surface-grafted PPELA
film was annealed at 150 °C under nitrogen atmosphere to prevent
polymer degradation. The FT-IR spectra of the surface-grafted
PPELA film before and after annealing are shown in Figure 5,
and an overview of the corresponding IR band positions for both
situations is given in Table 3.
Clearly, upon annealing there is a considerable shift in the
CdO peak and the three amide peaks. Also, the shape of all four
absorption peaks changes significantly. For example, the amide
A, CdO ester, and amide II peaks are broader, the amide A has
a shoulder, and the amide I peak is not completely symmetrical.
In addition, the height of all four peaks has decreased considerably.
From the absorptions at 1733 cm-1 (CdO ester), 1671 cm-1
(amide I), and 1538 cm-1 (amide II) and the reference data in
Table 2, it can be concluded that the annealed end-grafted
polyaspartate chains have adopted a stable left-handed ð-helical
conformation. The position of the amide A peak (3337 cm-1)
deviates somewhat from the value reported in literature (3332
cm-1). The presence of a rather large shoulder (at 3313 cm-1)
on the right side of the amide A peak is difficult to explain for
it does not correspond to other helical conformations, a â-sheet
structure, or a random coil structure. The slightly asymmetrical
amide I peak has a very small shoulder at 1664 cm-1. This is
more or less consistent with a left-handed R-helix according to
the data in Table 2. However, the broad amide II peak has a
shoulder at approximately 1551 cm-1, which is not in agreement
with the reference value (1557 cm-1) for a left-handed R-helix.
The position of the CdO ester absorption peak of the annealed
film (1733 cm-1) is almost identical to the reference values for
a left-handed ð-helix (1731 cm-1), a left-handed R-helix (1735
cm-1), and a left-handed ö-helix (1731 cm-1), so the exact origin
of the small spectral deviations remains unclear. Most likely it
has to do with the end-grafted nature of the polyaspartate chains
because the spectral deviations are not observed during helix
sense inversion experiments with non-grafted PPELA.10 Although
the exact mechanism for the helix sense inversion is unknown,
it has been proposed that the inversion proceeds via a zipper-like
process30,33 in which at least three monomer residues of the helix
must be free from hydrogen bonds at the moving front to invert
the helix sense by means of an unfolding-refolding step. During
the inversion, the two helical segments located on both sides of
the moving front should maintain their rectilinear alignment. It
has also been demonstrated that the screw sense inversion starts
at the N-terminus of the polyaspartate helix.50 So, in the case of
end-grafted PPELA helices, the inversion process starts at the
(46) The PBLG Langmuir-Blodgett film was prepared as follows: PBLG
(Sigma, Mw 26.000) was dissolved in chloroform (Merck, Uvasol quality) at a
concentration of 0.2 mg/mL. The solution was spread on a computer-controlled
Lauda-Filmbalance (FW 2), using Milli-Q water as the subphase. Assemblies of
10 monolayers (T ) 19.8 °C, ƒ ) 5 mN/m, z-transfer, 2 mm/min up- and
downstroke) were deposited onto hydrophobized silicon substrates. For additional
details, see also the experimental section in ref 39.
(47) Miyazawa, T.; Blout, E. R. J. Am. Chem. Soc. 1961, 83, 712.
(48) Holzwarth, G.; Doty, P. J. Am. Chem. Soc. 1965, 87, 218.
(49) Charny, E.; Milstein, J. B.; Yamaoka, K. J. Am. Chem. Soc. 1970, 92,
2657.
(50) Ushiyama, A.; Furuya, H.; Abe, A.; Yamazaki, T. Polym. J. 2002, 34,
450.
Table 1. Overview of the IR Band Positions and the CdO Ester and Amide Peak Areas in the Transmission FT-IR Spectra of
Silicon-Grafted PPELA and PBLG Films
surface-grafted film
CdO





PBLG34 peak area 0.0738 0.148 0.133 0.0339 3.92 61 ( 2
wavenumber (cm-1) 1734 3291 1652 1548
PPELA peak area 0.0687 0.122 0.127 0.0298 4.26 66 ( 2
wavenumber (cm-1) 1740 3299 1657 1553
a Calculated according to the procedure described in the Supporting Information using a PBLG Langmuir-Blodgett film with D ) 5.21.46
Table 2. IR Band Positions for Casted Films of Common
Polyaspartates and Poly(â-phenethyl-L-aspartate) (PPELA) in
Particular10,32
IR band positions (cm-1)
structure amide A CdO ester amide I amide II
Common Polyaspartates
RR 3296 1741 1659 1553
RL 3302 1735 1666 1557
öL 3296 1731 1675 1536
â 3275 1726 1636 1529
PPELA
RR 3298 1742 1658 1553
ðL 3332 1731 1674 1536
â 3276 1726 1634 1525
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top of the film and moves toward the substrate surface. It is
possible that steric hindrance near the anchoring site causes
problems during the unfolding-refolding process that is necessary
for helix inversion. The spectral deviations and the general peak
broadening observed in the FT-IR spectrum of the annealed film
seem to indicate that the helix inversion process is incomplete.
This would imply that the annealed surface-grafted film consists
of a mixture of R-helical and ð-helical material.
In Table 4, an overview of the structural differences between
an R-helix and a ð-helix is given.51-55 Because a ð-helix has
more monomer units per helical turn, it is slightly shorter than
an R-helix with the same molecular weight. Also, due to a different
intramolecular hydrogen-bonding pattern, the ð-helix has a larger
Figure 4. UV-vis spectra of quartz-grafted PPELA (-) and PBLG
(âââ) films. For a better comparison, the original spectrum of PBLG
was scaled down (2.231).
Figure 5. Transmission FT-IR spectra of the silicon-grafted PPELA
film before (âââ) and after (-) annealing at 150 °C. Top, amide A
region; bottom, CdO ester, amide I, and amide II region.
Table 3. Transmission FT-IR Band Positions for the
Silicon-Grafted PPELA Film before and after Annealing at
150 °C
IR band positions (cm-1)
annealing amide A CdO ester amide I amide II
before 3299 1740 1657 1553
after 3337 1733 1671 1538
Figure 6. Transmission FT-IR spectra of the silicon-grafted PPELA
film before annealing (âââ), after annealing at 150 °C (-), and after
subsequent immersion in chloroform (- - -). Top, amide A region;
bottom, CdO ester, amide I, and amide II region.
Figure 7. CD spectra of the quartz-grafted PPELA film before
annealing (âââ), after annealing at 150 °C (-), and after subsequent
immersion in chloroform (- - -).
Table 4. Comparison of the Structural Characteristics of an
r-Helix and a ð-Helixa





R 3.6 1.50 5.40 i, i+4 13
ð 4.4 1.14 5.02 i, i+5 16
a n ) number of residues per helical turn; r ) helical rise (axial
translation) per residue; p ) helical pitch (Å/turn).
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helix backbone diameter. This means that upon annealing of the
surface-grafted PPELA film the actual dimensions of the
polyaspartate helices change considerably going from an R-helix
to a ð-helix. This effect leads to an increasing degree of steric
crowding in the film, which could hinder the R-helix to ð-helix
conversion process, resulting in an incomplete helix inversion.
Helix Sense Inversion upon Solvent Treatment. The left-
handed ð-helical state of the PPELA helices in the annealed
surface-grafted film is completely stable in the solid state. Heating
and subsequent cooling of the sample does not change this
conformation. It is known that (non-grafted) PPELA adopts a
right-handed R-helical form in helicogenic solvents such as
chloroform, 1,2-dichloroethane, and 1,1,2,2-tetrachloroethane at
room temperature. So, it was expected that immersion of the
annealed grafted film in chloroform would result in a helix sense
inversion again. Figure 6 shows the transmission FT-IR spectra
of the silicon-grafted PPELA film before and after annealing at
150 °C and after subsequent immersion in chloroform. The IR
band positions and the CdO ester and amide peak areas before
and after annealing and after solvent treatment are summarized
in Table 5. From the positions of the IR absorption bands, it can
be concluded that the grafted PPELA helices completely revert
to their original right-handed R-helical state upon solvent
treatment. As compared to the original film (before annealing),
the CdO ester peak has slightly broadened on the right side after
solvent treatment. There is also a subtle decrease in the peak
heights of all four absorption bands. Interestingly, in the ð-helical
form the CdO ester peak area is considerably smaller than in
the R-helical form. Before annealing and after solvent immersion,
the CdO ester peak areas are almost identical (0.0687 and 0.0705,
respectively, 2.6% difference). After annealing, the peak area
has decreased by 13% to 0.0608. In right-handed R-helical
polyglutamates, the CdO ester band is orientation-independent,56
and its peak area is used as an internal standard for the absolute
amount of polymer on the substrate.40 During the inversion cycle,
the total amount of polypeptide material does not change, so the
CdO ester band must be strongly conformation-dependent. This
means that the CdO ester peak area can only be used as an
internal standard if IR spectra of PPELA with the same helical
conformation are compared.
The amide bands are known to be orientation-dependent. The
results show that upon annealing the amide I to amide II ratio
(D) changes from 4.26 to 4.11, indicating a slightly more
perpendicular helix orientation. Taking into account that a ð-helix
has to accommodate more amino acid residues per helix turn
than an R-helix (see Table 4), the ð-helix must have a (slightly)
larger helix backbone diameter. During the formation of the
ð-helix, the degree of steric hindrance in the film increases due
to the increasing helix diameter, and the helices are forced to
stretch away from the surface. After solvent treatment, the
formation of the R-helix results in a more parallel helix orientation
again as illustrated by the increased value of D (4.21). It must
be emphasized, however, that very little is known about (end-
grafted) left-handed ð-helices. The changing CdO and amide
bands and their mutual ratios upon annealing might be an intrinsic
property of this system. Until the exact transition dipole moment
angles for PPELA in both helical conformations are determined,
it is difficult to compare the two states directly.
Instead of chloroform, it is also possible to use 1,2-
dichloroethane and 1,1,2,2-tetrachloroethane, both helicogenic
solvents for PPELA, in the solvent treatment procedure. The
helix inversion cycle was repeated five times with the same
sample, and each time the helix sense inversion was completely
reversible.
The reversible helix sense inversion was also demonstrated
by CD measurements using a quartz-grafted PPELA film. Figure
7 shows the CD spectra of the film before and after annealing
and after subsequent immersion in chloroform.
Before annealing, the CD spectrum is very similar to that of
surface-grafted PBLG. The negative ellipticity is characteristic
for a right-handed helical state. After annealing, the ellipticity
changes from negative to positive, showing the conversion from
a right-handed helix to a left-handed helix. Finally, solvent
treatment of the sample results in a negative ellipticity again, so
the helices revert to their original right-handed state. The CD
spectrum obtained after immersion of the annealed sample in
chloroform is slightly different as compared to the original
spectrum. Apparently, small structural differences in the R-helix
before annealing and after solvent treatment result in a slight
variation in the exciton splitting of the peptide ð-ð* transition
(210-215 nm) and the amide n-ð* transition (220-225 nm).57
Conclusions
Using primary amino-functionalized substrates, it is possible
to prepare surface-grafted poly(â-phenethyl-L-aspartate) (PPELA)
films by ring-opening polymerization of the corresponding
N-carboxyanhydride monomer. The moderate solubility of
PPELA in chloroform in this system results in partial precipitation
and limits the thickness of the grafted film. In this case, the use
of a 1.0 M monomer solution resulted in a film with a thickness
of approximately 82 Å (per substrate side). The grafted PPELA
chains have a right-handed R-helical conformation, similar to
end-grafted polyglutamate chains. Annealing of this film at
150 °C for 30 min results in a helix screw sense inversion, and
FT-IR analysis clearly shows that the grafted chains adopt a
left-handed ð-helical conformation. In the solid state, the
(51) Low, B. W.; Baybutt, R. B. J. Am. Chem. Soc. 1952, 74, 5806.
(52) Bamford, C. H.; Elliot, A.; Hanby, W. E. Synthetic Polypeptides -
Preparation, Structure, and Properties; Academic Press Inc.: New York, 1956.
(53) Weaver, T. M. Protein Sci. 2000, 9, 201.
(54) Fodje, M. N.; Al-Karadaghi, S. Protein Eng. 2002, 15, 353.
(55) Sudha, R.; Kohtani, M.; Breaux, G. A.; Jarrold, M. F. J. Am. Chem. Soc.
2004, 126, 2777.
(56) Duda, G.; Schouten, A. J.; Arndt, T.; Lieser, G.; Schmidt, G. F.; Bubeck,
C.; Wegner, G. Thin Solid Films 1988, 159, 221.
(57) Nakanishi, K.; Berova, N.; Woody, R. W. Circular Dichroism: Principles
and Applications; VCH Publishers Inc.: New York, 1994.
Table 5. Overview of the IR Band Positions and the CdO Ester and Amide Peak Areas in the Transmission FT-IR Spectra of the
Silicon-Grafted PPELA Film before and after Annealing at 150 °C and after Subsequent Immersion in Chloroform
Si-PPELA film
CdO
ester amide A amide I amide II
D
(AI/AII)
before annealing peak area 0.0687 0.122 0.127 0.0298 4.26
wavenumber (cm-1) 1740 3299 1657 1553
after annealing peak area 0.0608 0.103 0.0925 0.0225 4.11
wavenumber (cm-1) 1733 3337 1671 1538
after CHCl3 immersion peak area 0.0705 0.112 0.118 0.0280 4.21wavenumber (cm-1) 1740 3299 1657 1553
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polyaspartate chains remain in this left-handed ð-helical form,
even upon reheating and/or cooling. When the annealed PPELA
film is immersed in chloroform or other helicogenic solvents
such as 1,2-dichloroethane and 1,1,2,2-tetrachloroethane, the
helices completely revert to their original right-handed R-helical
form, indicating that in solution this conformational state is
thermodynamically more favorable. The helix sense inversion
cycle can be repeated many times by successive heating and
solvent treatment steps.
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